The organization of genes involved in utilization of methylamine (mau genes) was studied in Methylophilus methylotrophus W3A1. The strain used was a nonmucoid variant termed NS (nonslimy). The original mucoid strain was shown to be identical to the NS strains on the basis of chromosomal digest and hybridization patterns. An 8-kb PstI fragment of the chromosome from M. methylotrophus W3A1-NS encoding the mau Methylophilus methylotrophus W3A1 is a restricted facultative methylotrophic bacterium (15) which belongs to the , subgroup of the proteobacteria (13). In addition to Cl compounds (methanol, monomethylamine, dimethylamine, and trimethylamine), it is able to grow slowly on glucose as a source of carbon. This bacterium oxidizes methylamine via the periplasmic enzyme methylamine dehydrogenase (MADH) (16). MADH from M. methylotrophus W3A1 as well as MADHs from other bacteria consist of two large and two small subunits (1, 16, 26) , and it has tryptophan tryptophylquinone as the prosthetic group (20). This MADH is distinguished from MADHs of other bacteria in that it apparently does not use the small copper-containing protein amicyanin as an electron acceptor (1, 29) but uses a c-type cytochrome instead (3). No copper-containing electron transfer protein was found in a related strain, M. methylotrophus AS1, and it is assumed that this bacterium does not synthesize these proteins (2).
extorquens AM1, the eight open reading frames were identified as mauFBEDAGLM. The mau gene cluster from M. methylotrophus W3A1 is missing two genes, mauC (amicyanin) and mauJ (whose function is unknown), which have been found between mauA and mauG in all studied mau gene clusters. Mau polypeptides sequenced so far from five different bacteria show considerable identity. A mauA mutant ofM. methylotrophus W3A1-NS that was constructed lost the ability to grow on all amines as sources of nitrogen but still retained the ability to grow on trimethylamine as a source of carbon. Thus, unlike M. extorquens AM1 and Methylobacillusfiagellatum KT, M. methylotrophus W3A1-NS does not have an additional methylamine dehydrogenase system for amine oxidation. Using a promoter-probe vector, we identified a promoter upstream of mauF and used it to construct a potential expression vector, pAYC229.
Methylophilus methylotrophus W3A1 is a restricted facultative methylotrophic bacterium (15) which belongs to the , subgroup of the proteobacteria (13) . In addition to Cl compounds (methanol, monomethylamine, dimethylamine, and trimethylamine), it is able to grow slowly on glucose as a source of carbon. This bacterium oxidizes methylamine via the periplasmic enzyme methylamine dehydrogenase (MADH) (16) . MADH from M. methylotrophus W3A1 as well as MADHs from other bacteria consist of two large and two small subunits (1, 16, 26) , and it has tryptophan tryptophylquinone as the prosthetic group (20) . This MADH is distinguished from MADHs of other bacteria in that it apparently does not use the small copper-containing protein amicyanin as an electron acceptor (1, 29) but uses a c-type cytochrome instead (3) . No copper-containing electron transfer protein was found in a related strain, M. methylotrophus AS1, and it is assumed that this bacterium does not synthesize these proteins (2) .
Genes responsible for the synthesis of MADH (mau genes) have been cloned so far from facultative methylotrophic bacteria of the ao subgroup of proteobacteria, Methylobacterium extorquens AM1 (4), Paracoccus denitnificans (5, 27) , and Thiobacillus versutus (14, 31) . In these strains, amicyanin is an obligatory component of the electron transfer chain for MADH (4, 27) . In all three cases, the gene for amicyanin (mauC) was located immediately downstream of the gene for the MADH small subunit (mauA), with a hairpin structure between them. Eleven open reading frames have been found to comprise the mau gene cluster in M. extorquens AM1 in the order mauFBEDACJGLMN (4) . The first eight genes (mauF * Corresponding author. BEDACJ) have been found in the mau gene cluster from P.
denitnfifcans, and they are highly similar to the corresponding genes from M. extorquens AM1 (17) . The mauBEDACI genes from T. versutus have been sequenced entirely or partially (14, 31) , and they are also highly similar to their counterparts in the mau gene clusters from the two other facultative methylotrophs (14, 31) . Properties and possible functions of Mau polypeptides are described elsewhere (4, 17) .
In this report, we describe the cloning and sequencing of the mau gene cluster from M. methylotrophus W3A1.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth media. The bacterial strains and plasmids used in this work are described in Table 1 . All Escherichia coli strains were grown in LuriaBertani medium in the presence of appropriate antibiotics as described by Maniatis et al. (18) except that the concentration of chloramphenicol for pAYC63 derivatives was 0.01 mg/ml.
Isopropyl-(3-D-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-indolyl-(3-D-galactopyranoside (X-Gal) were added at 0.04 mg/ml. The M. methylotrophus W3A1 strains were grown in minimal Owens-Keddie (OK) medium (23) or the ammonia mineral medium described previously (10) . The nitrogen-free medium used was OK medium in which sodium sulfate (0.2 g/liter) substitutes for ammonium sulfate. The concentrations of tetracycline, streptomycin, rifamycin, ampicillin, and kanamycin for growing M. methylotrophus strains were 0.01, 0. Matings. Triparental matings were conducted as described previously (10) . Plasmid pRK2013 was used as a helper plasmid.
Construction of a mauA mutant strain. mauA mutants were constructed by homologous recombination as described previously (25) . The Kmr cassette from pUC4K was used as a selective inactivating marker. Plasmid pAYC61 was used as a suicide vector (4) .
Computer analysis of DNA sequences. Computer analysis was carried out by using the PCGENE program (Genofit SA, Geneva, Switzerland). Algorithms used in this program package were those of Tinoco et al. (28) for hairpin structure searches and of Rao and Argos (24) and Eisenberg et al. (9) for the searches of membrane-associated or membrane-spanning helixes.
Nucleotide sequence accession number. The GenBank accession number for the mau gene cluster from M. methylotrophus W3A1 is L26407.
RESULTS
Comparison of S and NS strains ofM. methylotrophus W3A1. The original strain of M. methylotrophus, W3A1 NCIMB 11348 (formerly bacterium W3A1), produces large, mucoid colonies when it grows on methanol or trimethylamine. This has been referred to as the slimy (S) strain (21) . On methylamine and glucose, it shows considerable colony heterogeneity, with colonies varying in size and mucoidity. We found that large colonies continued to produce large and small colonies after repeated transfers onto fresh glucose or methylamine medium, whereas small colonies inherited their morphology when methylamine or glucose was used as the growth substrate. Both large and small colonies produced large mucoid colonies on methanol and trimethylamine. The second strain of M. methylotrophus W3A1, the so-called NS strain, was selected earlier by McIntire and Weyler (21) . They have shown that the NS strain retains all growth characteristics of the S strain such as maximum growth rate and maximum yield on methanol, methylamine, and trimethylamine (21) . However, the NS strain has been propagated since 1987 in medium containing methylamine or trimethylamine, and recent analysis has shown that it has lost the ability to grow on methanol. In addition, the NS strain is not able to grow on the plates with the ammonium mineral salts medium, whereas the S strain can.
To determine whether the S and NS strains are identical, chromosomal DNA was isolated from the NS strain and different lines of the S strain which differ in colony morphology on OK medium supplemented with methylamine or glucose. These DNA preparations were digested with HindIII and separated on an agarose gel (Fig. 1A) . The digest patterns show an identity of the NS and S strains. Since an initial objective of this work was to clone the mau genes from M methylotrophus W3A1, the gel shown in Fig. 1 was hybridized with the oligonucleotide CA2, which has been successfully used for cloning the mau genes from P. denitnficans and M extorquens AML. Hybridization experiments with specific probes detected two bands with the same size in all cases (Fig. 1B) . We chose to use the NS strain, since it gives colonies of a single morphological type, which is advantageous for genetic analysis.
Cloning and nucleotide sequence of the mau gene cluster from M. methylotrophus W3A1-NS. Two partial clone libraries were constructed in the vector pRK310, using the fractions of the HindIlI digest of the NS strain chromosome which hybridized to the CA2 oligonucleotide. These two fractions had approximate size ranges of 6.4 to 6.6 and 7.0 to 9.0 kb, and they were collected in a well in agarose gels as described by Maniatis et al. (18) . Clones with positive hybridization to this probe were identified in each library. Plasmids were isolated from these clones and subcloned, and areas where the oligonucleotide had bound were sequenced. In both cases, the oligonucleotide bound to DNA of similar sequence but not to a putative gene for the MADH small subunit. Therefore, a 0.7-kb PstI fragment containing the entire mauA gene from M. extorquens AM1 (from pAYC152.1 [6] ) was used as a probe against chromosomal digest of the NS strain. It hybridized to a 8-kb PstI fragment. A fraction of NS strain chromosome PstI digest with fragments of about 8 kb were isolated from an agarose gel, and these fragments were cloned into the pRK310 vector. Positive clones (approximately 1 per 450 white colonies) were identified via hybridization with the labeled 0.7-kb PstI fragment. The only orientation of the 8-kb PstI fragment insert obtained was that in which the mau genes cannot be transcribed from the lac promoter (plasmid pAYC208). All attempts to obtain transcription of the mau genes under control of the lac promoter in pRK310 or pUC19 by recloning were unsuccessful. The restriction map of the 8-kb PstI fragment is shown in Fig. 2 . We sequenced 6,533 bases of the 8-kb PstI fragment (Fig. 3) .
Eight open reading frames were identified in the sequenced area. 41 GCGCTGGAATCAAGGCCGCTATATTCATGTTTCATTCAAAACAAAGCTAAGGCCAGCAGGCCGA jTATGAGTATGAATATAGGGGCCACTGCCATGAGCCGTTCGTCCCAAG
CACCCACATTGATTGTGGATGCGTACGTCGCCCAACCAGCATGAGCCGTATCGGTATTTrATGTGCTGAGAGCCCTGGCGCTGGCTGGCATGAGCTTGTATGTCGCTGCTGTGCCGTT
TATTACATGAACGCTCAGCACCGCTGGCGCCATGATGATAGACCACGGCCCGGATGTCGGCGAACGTTCACCGATIAATGTGAACACCTCGACGGCGAGCCGGTAGTCGGCC L L H E R S A P L G A M M I D H G P D V G E R S P I F N V N T F D G E P V L V G 3241
GCTCCATCACCCCAGGCCGTCCTAGCTTGCTATrTTACCGGCCATCCy:CCGATCTCCAGAAACa:qCCTATCATCCGCTCAGTCGCAGCGATAAGAGACCGACGlCATTC
Nucleotide sequence of the 6,522-bp PstI fragment of the M. methylotrophus W3A1 chromosome containing the mau operon. Putative Shine-Dalgarno sequences are double underlined, hairpin structures are underlined, and putative leader sequences are italicized. In boldface are shown the following in MauA, the two tryptophans participating in the synthesis of the tryptophan tryptophylquinone cofactor; in MauC, the putative heme c binding sites; and in MauM, the putative iron-sulfur cluster signatures.
AAAA3=CGCrACCGATGA-TGC S AATAGCAATCGTTGAGTGGTCGTIGAAGGTAGCAAAGTAGATGAAAACG7TTIrCCTGGATTAATGAGCGCGTCGCGCAAACTGTCCGCCTGGAT Fig. 4 . It has the aphC gene transcribed from a putative mau promoter (Pmau). E. coli containing pAYC229 did not show resistance to streptomycin, suggesting that Pmau does not function in E. coli. However, Pmau seems to be a strong promoter in M. methylotrophus W3A1. Cells containing pAYC229 grew normally on plates containing up to 10 mg of streptomycin per ml, whereas cells containing the pAYC37 promoter-probe vector would not grow on plates containing more than 0.5 mg of streptomycin per ml for the M. methylotrophus W3A1-NS host. A 1,081-bp Sphl-Eco47III subfragment of the 8-kb fragment carrying the mauA gene was cloned into pAYC229. The resulting plasmid (pAYC233) was introduced by a triparental mating into the mauA mutant strain. The analysis of 100 randomly picked transconjugants showed that all of them regained the ability to grow on methylamine. W3A1-NS in the suicide vector pAYC61. Two Km' Tcs Aps colonies were selected for further work. To prove that they have the correct insertion of the Kmr cassette the chromosomal DNA was purified from these strains and hybridized with the labeled Kmr cassette and the SphI fragment carrying mauA which was used for construction of the mutant. In both cases, the mauA mutants showed hybridization of the same fragment, which is 1.4 kb larger than the fragment hybridizing with the mauA probe in the wild-type strain M. methylotrophus W3A1-NS (data not shown), confirming the correct insertion.
The growth spectra of the mauA mutant and the wild-type strain M. methylotrophus W3A1 were studied. As noted previously, both strains were unable to grow on methanol but retained their ability to grow on glucose. The mauA mutant in addition lost the ability to grow on methylamine and dimethylamine as sources of both carbon and nitrogen. 
